The objective of this article is to investigate the intensity and the mode of price linkages for quality differentiated coffee beans. This is pursued using monthly spot prices from 1990 to 2015 and nonparametric copulas. The empirical findings suggest that: (i) The price interrelationships are stronger among the Arabica beans than between the individual Arabica and the Robusta beans; also, price co-movement is higher (lower) where the quality difference is smaller (larger). (ii) There is symmetric price co-movement under positive and negative price shocks; that means, shocks of the same absolute magnitude but of different sign are transmitted from one coffee market to another with the same intensity. The transmission of shocks, however, of the same sign but of different magnitude is asymmetric; in particular, larger (in absolute value) price shocks are transmitted with higher intensity compared with smaller ones.
Introduction
Coffee is, value-wise, among the most important internationally traded commodities. It is produced in equatorial and subequatorial regions of the globe, primarily by smallholders. In recent years, South America contributes 46 per cent of the total coffee production, Mexico and Central America 11 per cent, Asia and Oceania 33 per cent, and Africa 10 per cent. From the total volume of coffee supplied, 30 per cent is consumed in the exporting countries, 51 per cent in the so called traditional (mature) markets, and 19 per cent in emerging markets (Coffee Market Report, 2015) . The top producers and exporters of coffee are Brazil, Vietnam, Columbia and Indonesia. There are several other differentiated coffee beans. These have been conducted through econometric time series models such as the Smooth Transition Vector Error Correction (STVEC), the Smooth Transition Autoregressive (STAR) and the Momentum-Threshold Autoregressive (M-TAR). Special emphasis has been placed on the existence of short-run non-linear (and/or asymmetric) price adjustments. Otero and Milas (2001) , Milas and Otero (2002) and Milas, Otero and Panagiotidis (2004) , using quarterly data from the early 1960s to the late 1990s, found two cointegrating vectors; one involving all Arabica varieties and the other involving BN (the lowest quality Arabica) and Robusta. They also found that the speed of adjustment to the equilibrium was higher for the Arabica as a group and that negative deviations were arbitraged faster than positive ones. Ghoshray (2009 Ghoshray ( , 2010 , using monthly data from 1990 to 2007, reported evidence of cointegration between price pairs, and of asymmetry in transmission (speed depending on the magnitude and/or on the sign of initial price shock). Ubilava (2012) , using monthly prices from 1990 to 2010, also found evidence of non-linearities (mean-reversion for large deviations from the equilibrium and unit root behaviour for small ones).
In this context, the objective of the present paper is to investigate the strength and the pattern of price relationships for the different types of coffee. The identification and quantification of price linkages is likely to be of interest not only for the economists but for the stakeholders (producers, traders and roasters) as well. The objective is pursued using monthly data from 1990 to 2015 and the statistical tool of copulas. Copulas have recently become a part of the toolkit for applied economic research and they have already produced certain interesting results with regard to joint price dynamics in the physical and product quality space. Reboredo (2011) and investigated price co-movement in regional crude oil markets, and price linkages between international food and oil prices, respectively; Serra and Gil (2012) analysed the joint price dynamics of biodiesel, diesel and oil prices in Spain; Emmanouilides et al. (2014) assessed the degree of integration of olive oil markets in the Mediterranean; Emmanouilides and Fousekis (2015) studied vertical price transmission in the US beef supply chain; Panagiotou and Stavrakoudis (2015) analysed price co-movement, at the retail level, between beef quality grades and cuts in the US; and Koirala et al. (2015) examined co-movement between agricultural commodity futures prices and energy futures prices.
The present work contributes to the literature on the strength and the mode of price linkages from the following viewpoints. First, it shows that copulas can be employed to investigate empirically two potential types of asymmetric price co-movement; namely, asymmetry with respect to sign (Type I) and asymmetry with respect to size (Type II). Under the former, price shocks of the same absolute magnitude and of opposite sign are transmitted from one commodity market to another with different intensity; under the latter, price shocks of the same sign and of different magnitude are transmitted with different intensity. All earlier copula-based studies on price interrelationships have focused on Type I asymmetry and have ignored Type II altogether. This is a limitation because, according the relevant literature (Meyer and von Cramon-Taubadel, 2004; Serra et al., 2006) , the two types of asymmetry are likely to have different causes. Type I asymmetry has been typically associated with market power, product differentiation, and government intervention whereas Type II with the presence of transaction costs. Second, in contrast with earlier copula-based studies on co-movement of agricultural commodity prices, it relies on a kernelbased nonparametric approach (Fermanian and Scaillet, 2003; Racine, 2015) allowing 'the data to speak for themselves' rather than imposing a priori restrictions (through a functional form) on the strength and the pattern of price co-movement. Third, given that copulas are estimated from prices changes (shocks) they are likely to yield information for the shortrun joint dynamics only. For completeness and to assess potential differences between short-and long-run price linkages this work employs, in addition to copulas, time series tools appropriate for the analysis of the long-run interrelationships (including tests on the validity of the Law of One Price for the quality differentiated coffee beans). In what follows, section 2 presents the analytical framework and section 3 the empirical models and the estimation results. Section 4 offers conclusions. 
Modelling and testing asymmetric co-movement with copulas
where C is the copula function mapping the univariate marginal distribution functions to their joint distribution function. Provided that the marginals are continuous the factorisation in equation (1) is unique. Moreover, the probability integral transforms, ) = ( U F y i i i , follow the uniform distribution on [0, 1] irrespective of the original F i . Therefore, the copula may be interpreted as a joint distribution function with uniform marginals on [0, 1] that relates the quantiles of the univariate distributions rather than the original stochastic processes. As such, the copula function is scale invariant (that means, unaffected by strictly increasing transformations of Y 1 and Y 2 ) (Reboredo, 2011; Patton, 2013) .
In the context of the copula theory there are two types of co-movement measures, namely, the global and the local. The former provide information about the intensity of co-movement between random processes over their entire joint support. The most commonly employed measure of global co-movement is Kendall's tau τ ( ) that stands for the difference between the 340 P. Fousekis and V. Grigoriadis probability of concordance and the probability of discordance. The nonparametric estimator of τ is as follows:
where T is the number of observations and P T and Q T are the number of concordant and discordant pairs in the sample, respectively (Fenech et al., 2015) . 1 Kendall's tau is scale invariant. The strength of linkages between random processes is not necessarily the same in all parts of the joint support. Richer insights about relationships being studied may be obtained from the assessment of local co-movement (i.e. co-movement over parts of the support such as the centre and the tails of it). The measures of local co-movement are the quantile coefficients. These are defined as follows:
L (the lower quantile coefficient) provides the probability that the random process Y 2 receives a value at most equal to its α quantile given that the random process Y 1 receives a value at most equal to its α quantile, as well. λ α U (the upper quantile coefficient) provides the probability that the random process Y 2 receives a value strictly higher than its α quantile given that the random process Y 1 receives a value strictly higher than its α quantile, as well (Nelsen, 2006; Patton, 2013) . By varying α, one may trace out how the intensity of co-movement behaves at the different parts of the joint support. The limit of λ α L as α tends to 0 from above (denoted by λ L ) is the lower tail coefficient whereas the limit of λ α U as α tends to 1 from below (denoted as λ U ) is the upper tail coefficient giving information about the joint price dynamics under extreme negative and extreme positive shocks to the random process, respectively (Righi and Ceretta, 2013; Yang et al., 2015) . Because the quantile coefficients are functions of copulas they are scale invariant measures of co-movement. In the literature of price interrelationships in the physical or in the product quality space, statistically significant and symmetric price co-movement under extreme market upswings and downswings is taken as an indicator of well-integrated (well-functioning) markets. Another important indicator is the degree of global co-movement (Reboredo, 2011; Emmanouilides and Fousekis, 2015; Panagiotou and Stavrakoudis, 2015) . Empirical estimates of tail coefficients have been routinely reported and compared in all earlier copula-based studies on price linkages (Reboredo, 2012; Serra and Gil, 2012; Emmanouilides and Fousekis, 2015; Panagiotou and Stavrakoudis, 2015) . A formal test on Type I asymmetry has been proposed by Patton (2013) . The relevant null hypothesis is
with α < 0.5, rejection of which implies that the probability of co-movement for price shocks with magnitude above the median is different from that for price shocks with magnitude below the median. 
, rejection of which implies that the probability of co-movement between larger price shocks is different from the probability of co-movement between smaller price shocks. Exactly the same reasoning applies to price shocks that lie below the median. For that case consider the quantile coefficients λ
contains price shocks of smaller magnitude relative to the quantile interval
The presence of asymmetric co-movement of Type I or of Type II can be investigated by employing a Wald-type test, the sample statistic of which is as follows:
where R is a restrictions' matrix, λ ∧ a vector of quantile coefficients estimates, andV B is the bootstrap estimate of their variance-covariance matrix (Patton, 2013) .
The data, the empirical models, and the empirical results
The data for the empirical analysis are monthly indicator prices for CM, OM, BN and RO and they refer to the period January 1990 to September 2015. They are published by the International Coffee Organization (ICO) and are expressed in US cents per lb; they represent spot or cash prices, quoted in markets for coffee that it is immediately available (or within a reasonable time span). Figure 1 , displays the natural logarithms of the four indicator prices.
2 If the median is 0, rejection of the null implies different probabilities of co-movement between negative and positive shocks at the quantiles α and 1 , α − respectively. 3 The application of the Type II test of asymmetry presupposes that the estimated copula satisfies the monotonicity property according to which the values of the lower (upper) quantile coefficients increase as one approaches the median from below (above) (Caillault and Guegan, 2005) .
The Arabica prices have showed a strong tendency to move together. The evolution of the Robusta price, however, has been somehow different from those for the higher qualities of coffee. As a result, the price differential between Arabica as a group and Robusta has widened. The average prices have been 135, 126.9, 112.3 and 72.3 for CN, OM, BN and RO, respectively. Markedly low price levels were recorded over 1999-2004 (the coffee crisis). Prices recovered strongly after 2004 with those for the Arabica coffee beans reaching a 34-year high in mid-2011. Since then, the Arabica coffee prices have followed a moderate downward trend while the Robusta prices have remained, to a large extent, stable.
All earlier empirical works on joint price dynamics and on market integration in the physical or in the product quality space with copulas (Bartam et al., 2007; Reboredo, 2011 Reboredo, , 2012 Hamoudeh, et al., 2014; Emmanouilides and Fousekis, 2015) have assessed co-movement through the strength and the mode of the association between the rates of price change (raw price shocks), calculated as d p ln it , where p it is the price of commodity i at time t. This applies to the present work as well. Table 1 presents summary statistics for the raw price shocks in CM, OM, BN and RO.
The asymptotic properties of copula estimators have been established under the assumption of i.i.d. observations (Fermanian and Scaillet, 2003;  Rémillard, 2010; Patton, 2013) . Time series data, however, may exhibit autocorrelation and ARCH effects. To address this potential problem and following Reboredo (2011 Reboredo ( , 2012 , Serra and Gil (2012) and Emmanouilides and Fousekis (2015) the individual series of raw price shocks have been filtered using ARMA-GARCH marginal models with Generalised Error Distribution (GED). 4 Appendix A presents the p-values from the application of the BoxPierce and the ARCH-LM tests to the standardized innovations (filtered price shocks) at a number of lag lengths; the filtered data are free from autocorrelation and ARCH effects.
As mentioned in Section 2 a copula is a distribution function with uniform marginals on [0, 1]. For the empirical application, therefore, the filtered data have been converted into copula data using probability integral transforms and a scaling factor equal to Reboredo, 2012; Serra and Gil, 2012; Emmanouilides and Fousekis, 2015) . Then, the nonparametric KolmogorovSmirvov (KS) goodness of fit test has been applied to each of the individual copula data series to verify whether it follows the theoretically stipulated distribution. Appendix A presents the results; the null that the copula data are uniformly distributed on [0, 1] cannot be rejected at any reasonable level of significance.
A further issue in the empirical analysis of joint price dynamics with copulas is that of the invariance of co-movement (Patton, 2013; Qiu and Goodwin, 2013; Emmanouilides and Fousekis, 2015) . If co-movement is time-varying (meaning that the quantiles of the joint distribution change with time) the copula estimate obtained from the entire sample of observations may be misleading. Here, the nonparametric test of Busetti and Harvey (2011) has been employed to assess whether each of the six bivariate copulas (CM,OM), (CM,BN), (CM, RO), (OM,BN), (OM,RO) and (BN,RO) is timeinvariant. Under the null hypothesis, a given quantile of a bivariate empirical copula is time-invariant whereas under the alternative it is subject to breaks or it is changing in a slow but persistent way. Here, as in Busetti and Harvey (2011) and in Emmanouilides and Fousekis (2015) the test has been conducted for the first (0.25), the second (0.50) and the third (0.75) quantiles. Table 2 presents the results. The null hypothesis of time-invariance has not been rejected at the any reasonable level of significance. Table 3 presents the nonparametric estimates of the global measures of co-movement. All estimates are highly statistically significant. The strongest degrees of global co-movement are those between the Arabica coffee varieties and the lowest between the individual Arabica on the one hand and the Robusta on the other. Also, global co-movement tends to be higher (lower) where the quality difference is smaller (larger). The highest τ is observed for the pair (OM,BN) and the lowest for the pair (CM,RO). As mentioned in Section 2, Kendall's tau stands for the difference between the probability of concordance and the probability of discordance. Given that these two probabilities sum up to 1 a simple manipulation shows that the probability of concordance equals τ ( + ) 0.5 1 . Therefore, the value 0.811 for the pair (OM,BN) implies that the probability of concordance is 0.906 while the probability of discordance is only 0.094. In contrast, the value 0.437 for the pair (CM,RO) implies that the probability of concordance is 0.719 and the probability of discordance is 0.281. In other words, the probability of discordance for the pair (CM,RO) is three times as high as the probability for the pair (OM,BN) .
The bivariate copulas have been estimated by the nonparametric approach which provides a differentiable (smooth) reconstruction of the copula function dispensing with the need to specify a functional form. Details on the kernel-based nonparametric estimator are presented in Appendix C. 5 Figure 2 (panels (a)-(f)) presents the contour plots of the bivariate copula probability density functions. 6 For the Arabica price pairs, the probability mass is concentrated along the positive diagonal indicating strong positive quadrant co-movement (i.e. there is a high probability that a price shock of a given magnitude in one market to be associated with a price shock of the same magnitude in another market). For the individual Arabica and the Robusta price pairs there is a considerable dispersion of the probability mass away from the positive diagonal indicating that price co-movement is much more weaker (i.e. there is a higher probability that a price shock of a given magnitude in one market to be associated with a price shock of a different magnitude in another market). These results are in line with what has already transpired by respective values of Kendall's tau. Table 4 presents local measures of co-movement evaluated at the 0.05, 0.10, 0.20, 0.40, 0.60, 0.80, 0.90 and 0.95 quantiles.
7 All estimates are strongly statistically significant even at the tails of the joint support suggesting that extreme price shocks are likely to be transmitted from one coffee variety to another. The probabilities of transmission are far higher among the Arabica beans than between the individual Arabica and the Robusta. Table 5 presents the results of the test for Type I asymmetry. In all cases, the null hypothesis (symmetry) cannot be rejected at the commonly used levels of significance. It appears, therefore, that price shocks of the same absolute magnitude above and below the median are transmitted with the same intensity between the coffee varieties. In other words, the reaction of economic agents, here the stakeholders in the coffee supply chain, to 'bad news', does not differ statistically from their reaction to 'good news'.
The assessment of Type II asymmetry has been conducted by considering four pairs of quantile ranges; the pair ([0, 0.10 Table 6 presents the results. The p-values are close to 0 suggesting a strong rejection of the null hypothesis according to which shocks of different 5 The estimations have been carried out using the np package in R (Version 0.60-2), bivariate likelihood cross-validation and Gaussian kernel functions (Racine and Heyfield, 2014; Racine, 2015) . As shown by Horne and Garton (2006) , the likelihood cross-validation produces estimates with better fit and smaller variance relative to alternative approaches. Robustness with respect to the kernel choice has been checked by using the Epanechikov kernel in the place of the Gaussian; the empirical findings were qualitatively very similar. 6 The probability density function (PDF) of a bivariate distribution f y ( ) can be written as f y c F y F y f y f y ( ) = ( ( ), ( )) ( ) ( ) (Nelsen, 2006) . 7 For parametric bivariate copula families explicit mathematic expressions of the lower and the upper tail coefficients are available. For nonparametric bivariate copulas, however, these two coefficients go to zero as the quantiles approaches 1 from below or 0 from above (Patton, 2013) . Dobric and Schmid (2005) show that the local co-movement measures when evaluated around the T 1/ and the T 1 1/ − quantiles are reasonable approximations of the tail coefficients. Here, with a sample of 308 observations, the estimated local co-movement measures at 0.05 and 0.95 can be taken as proxies for the lower tail and the upper tail coefficients, respectively.
(in absolute value terms) size are transmitted from one coffee variety to another with the same intensity. This finding is consistent with the information contained in Table 4 . For example, the first row of Table 4 shows that price shocks of magnitude less of equal to the 0.20 quantile are transmitted between CM and OM with probability 0.751 whereas shocks with magnitude between the 0.20 and the 0.40 quantiles are transmitted with probability (0.918-0.751) = 0.167 only. That means, the probability of transmission for the former price shocks is almost five times as high as for the latter ones.
8
There is a clear evidence, therefore, that the probability mass of the respective conditional distributions thins as the absolute magnitude of price shocks gets closer to the median value (i.e. it becomes progressively smaller). The thinning of the probability mass itself points to the presence of inertia (inactivity) bands in the neighbourhood of the median and to thresholds that .064) (0.059) (0.045) (0.027) (0.028) (0.043) (0.056) (0.059) a Standard errors in parentheses. They have been obtained using the stationary bootstrap method (Politis and Romano, 1994 ) with 1,000 replications. The block length has been determined as suggested by Patton, Politis and White (2009) . Nevertheless, different block lengths have been tried without notable changes in the results. The p-values have been obtained using the stationary bootstrap method (Politis and Romano, 1994 ) with 1,000 replications. The block length has been determined as suggested by Patton, Politis and White (2009) . Nevertheless, different block lengths have been tried without notable changes in the results.
8 The results are not affected by the particular choice of pairs of the quantile ranges. From Table 4 again one may observe that everywhere the probability of transmission for larger (in absolute value) price shocks is at least two times as that for the smaller ones and, in certain cases, it is even seven or eight times as high. The p-values appearing in the table have been obtained using the stationary bootstrap method (Politis and Romano, 1994 ) with 1,000 replications. The block length has been determined as suggested by Patton, Politis, and White (2009) . Nevertheless, different block lengths have been tried without notable changes in the results. price shocks in one coffee variety have to surpass to evoke responses in the prices of other coffee varieties.
9
As noted above, the strength and the pattern of co-movement between the prices of the four coffee varieties has been assessed using the rates of price changes than the price levels. Because of the data transformation, long-run information is lost and the empirical findings are likely to be relevant for the short-run only. For the sake of completeness, we have carried out time series analysis on the relationships between the (log) price series. To this end: (i) We have tested for the presence of unit roots using the efficient ADF-GLS test. It turned out all (log) price series have been I (1) over the sample period.
(ii) We have tested for cointegration using the Engle-Granger (1987) twostep approach. Evidence of cointegration (at the conventional levels of significance) has been found in four out of the six price pairs; namely, the pairs (CM,OM), (CM,BN), (OM,BN) and (BN,RO). These findings are in line with the casual observation that the spread between the Arabica coffees as a group and the Robusta coffee has been widening since the dismantling of the ICA regime (ICO, 2014) . (iii) For these four pairs only we have tested for the weak version of the Law of One Price (LOP). That particular version is relevant here since the presence of quality differentiation entails price premiums (discounts) for the higher (lower) qualities. The LOP tests have been conducted by employing the procedure proposed by Goldberg and Verboven (2005) which involves the application of a unit root test on the difference between the (log) levels of two series.
10 In all cases four cases, the null of a unit root has been rejected against the alternative of level stationarity suggesting that the weak version of the LOP holds for the pairs (CM,OM), (CM, BN), (OM,BN) and (BN,RO). Overall, the empirical findings from the 9 Following the request of an anonymous reviewer, we have searched for the best parametric copula family for each of the price pairs considered. Given that the results of the nonparametric approach point to: (a) Type I symmetry and (b) co-movement at the extremes, the search has been restricted among five parametric families which are potentially consistent with those features. The families are the Student-t, the BB1, the rotated (survival) BB1, the BB7 and the rotated (survival) BB7. The selection has relied on the distribution-free test developed by Clarke (2007) and the scoring procedure suggested by Belgorodski (2010) . Details are available upon request. The Student-t has been the best fitting parametric copula family for the pairs (CM,OM) and (BN, RO), and the rotated BB1 for the pairs (CM,RO) and (OM,RO); the procedure, however, has been inconclusive for the pairs (CM,BN) and (OM,BN) (in both cases, the Student-t and the BB1 families received exactly the same score) 10 Under the weak version of the LOP the relation p p e ln( ) = + ln( ) + it jt t α holds in the long-run between the prices of commodities i and j, where α is the premium (or discount) for quality difference and e t is a zero-mean stationary error term. (unitary price transmission elasticity). The last result suggests that the LOP has an easy and neat interpretation in the context of copula models of co-movement; that is, shocks of any magnitude in one of the prices are associated with shocks of exactly the same magnitude in the other price with probability 1 over the entire joint support. In other words, the LOP is consistent with perfect positive co-movement of shocks in the long-run. A simple rearrangement of the LOP relation yields p p e ln( ) ln( ) = + it jt t α − indicating that an econometric test for the LOP is nothing else than a test on whether the difference in the (log) levels of the two price series is stationary around α (i.e. level stationary) (Goldberg and Verboven, 2005; Emmanouilides and Fousekis, 2012) . In this work, the level stationarity of
− has been assessed using the efficient ADF-GLS test.
cointegration and the LOP analysis are qualitatively very similar to those obtained from the nonparametric copulas since they indicate that higher degrees of market integration exist among the Arabica coffee varieties and where quality differences are small. Appendix B presents the results of the tests for unit roots, cointegration and the LOP.
Conclusions and discussion
The objective of this work has been to assess the strength and the mode of price linkages between the quality differentiated coffee beans. Coffee is one of the most important export commodities for a number of developing countries and the topic has attracted the attention of several recent empirical studies. The investigation has been conducted using monthly indicator prices and the statistical tool of copulas. Quality differentiation is behind the premiums for the superior varieties and the discounts for the relatively inferior ones. At the same time it may affect not only the strength but the pattern of price interrelationships as well. As noted by Ghoshray (2009 Ghoshray ( , 2010 , because retailers and consumers determine their demand for coffee by taking quality variables into account, a higher quality commodity may not have to match a price decrease of a lower quality one to retain its market share. In general, quality differentiation is thought to be a plausible explanation for the phenomenon of asymmetric price transmission. Although asymmetry with respect to the sign of price shocks (especially between extreme positive and extreme negative ones) has been routinely investigated through copula models of co-movement, asymmetry with respect to the size has been completely ignored. The present study offers a formal treatment on the issue showing that asymmetry with respect to size can be identified and quantified by examining how the probability mass of a conditional distribution changes as one considers progressive smaller (in absolute value terms) price shocks.
The empirical results suggest:
i. The prices of Arabica coffee varieties exhibit very strong co-movement over their entire support as well as at the extremes of the respective joint price distributions. Co-movement between the prices of the individual Arabica and the Robusta beans, although statistically significant, is far weaker. It appears that the intensity of price linkages is related inversely to the degree of quality differentiation (i.e. the smaller the difference, the stronger the co-movement). The strength of co-movement reflects the substitution possibilities between coffee varieties; they are ample under a small quality difference and limited under a large one. It is relatively easy to offset a shortage of Colombian Milds by greater use of Other Milds; however, only premium quality Robusta beans may substitute for poorer quality Arabica beans (this is achieved by employing the technique of steam cleaning) (Ponte, 2002) . The cointegration and the LOP analysis appear to reinforce the conclusions obtained with the nonparametric copulas.
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ii. For all coffee varieties, symmetric price shocks above and below the median of the joint support are transmitted with exactly the same intensity. This study, therefore, does not offer support for the idea that premium quality coffee beans do not have to match a fall in the price of lower quality ones (or equivalently, that inferior coffee beans cannot match an increase in the price of superior ones). iii. For all coffee varieties again, larger (in absolute value) price shocks are transmitted with higher intensity compared with smaller price shocks (i.e. the probability of transmission of shocks in the neighbourhood of the joint medians is just a small fraction of that in the neighbourhood of the joint extremes). Price inertia around the medians has been generally attributed to the presence of transaction costs. For the coffee beans, in particular, these may include adjustment costs for roasters (arising from changing blends), menu costs, and psychological costs (associated with habit formation) for consumers. Inactivity may also reflect uncertainty about the nature of the shock (permanent or temporary) and about the competitors' reaction (Meyer and Cramon von Taubadel, 1994; Vavra and Goodwin, 2005) . iv. With regard to the integration of the global coffee market the findings of the present work are, to a certain extent, mixed. The prices of Arabica coffees exhibit very high degrees of global co-movement and very high probabilities of joint booms and crashes. Their markets, therefore, appear to constitute a great pool. The individual Arabica prices and the Robusta prices show statistically significant global co-movement and co-movement at the extremes. The respective estimates of the co-movement measures, however, are much lower than those for the corresponding Arabica coffees. Overall, the evidence of market fragmentation (Arabica vs Robusta) is somehow stronger than that of market globalisation.
Comparison of empirical findings from econometric and from copula-based models is generally difficult because the two tools approach the same problem (i.e. co-movement between stochastic processes) from different perspectives. Also, all earlier econometric studies on the price linkages of coffee varieties have examined asymmetry with respect to the speed of price transmission whereas this study focusses on asymmetry with respect to size (magnitude). Keeping these constraints in mind, one may observe that results of the present work are in agreement with those of Otero and Milas (2001) , Milas and Otero (2002) and Milas, Otero and Panagiotidis (2004) according to which the markets for Arabica coffees exhibited higher degrees of integration. Moreover, they appear to corroborate their conclusion that the prices of Brazilian Naturals and Robusta are somehow more strongly interconnected relative to those of Robusta and the other two Arabica varieties. The findings of this work are also in line with those of Ghoshray (2009) and Ubilava (2012) suggesting that large price differentials were arbitraged away faster than smaller ones.
The linkages between the prices of qualitatively differentiated coffee beans in the future will be determined by the dynamics of supply and demand and the ability of roasters to substitute between beans of different quality. Since 1990 coffee production has increased at a rate of 2 per cent per annum. That development, however, has been largely due to the emergence of Vietnam as a major producer. In a number of other countries, cultivatable land is shrinking and production cost is rising suggesting that many areas may be reaching their saturation point. Moreover, increased awareness about the impacts of coffee growing (e.g. reduction of forest areas, soil degradation, and water pollution caused by excessive use of chemical pesticides) may result in more binding environmental constraints. High growth rates in coffee supply, therefore, are highly unlikely in the foreseeable future (ICO, 2014) . Demand has a considerable growth potential in emerging economies given an expanding middle class. Nevertheless, several dynamic niche opportunities still exist in mature markets for speciality and certified coffees. With increased substitution possibilities, the premiums commanded by certain coffee types may not be sustainable; this, in turn, may align better the dynamics of Robusta prices to those of higher quality varieties. Appendix B: Unit Root, cointegration and LOP tests Appendix C: The Inversion approach to kernel-based copula estimation
The estimation relies on the so called 'inversion approach' (Fermanian and Scaillet, 2003; Racine, 2015) . Specifically, the solution of equation (1) for C is as follows: 
